Tych, KM, Batchelor, M orcid.org/0000-0001-6338-5698, Hoffmann, T et al. KEYWORDS AFM, extremophile, mechanical stability, cold shock proteins ABSTRACT Proteins from organisms which have adapted to environmental extremes provide attractive systems to explore and determine the origins of protein stability. Improved hydrophobic core packing and decreased loop-length flexibility can increase the thermodynamic stability of proteins from hyperthermophilic organisms. However, their impact on hyperthermophilic protein mechanical stability is not known. Here, we use protein engineering, biophysical characterization, single molecule force spectroscopy (SMFS) and molecular dynamics (MD) simulations to measure the effect of altering hydrophobic core packing on the stability of the cold shock protein TmCSP from the hyperthermophilic bacterium Thermotoga maritima. We make two variants of TmCSP in which a mutation is made to reduce the size of aliphatic groups from buried hydrophobic side chains. In the first, a mutation is introduced in a long loop (TmCSP L40A); in the other, the mutation is introduced on the C-terminal -strand (TmCSP V62A). We use MD simulations to confirm that the mutant TmCSP L40A shows the most significant increase in loop flexibility, and mutant TmCSP V62A shows greater disruption to the core packing. We measure the thermodynamic stability (∆GD-N) of the mutated proteins and show there is a more significant reduction for TmCSP L40A (∆∆G = 63%) than TmCSP V62A (∆∆G = 47%) as might be expected, based on the relative reduction in the size of the side chain. By contrast SMFS measures the mechanical stability (∆G*) and shows a greater reduction for TmCSP V62A (∆∆G* = 8.4%) than TmCSP L40A (∆∆G* = 2.5%). While the impact on mechanical stability is subtle, the results demonstrate the power of tuning non-covalent interactions to modulate both the thermodynamic and mechanical stability of a protein. Such understanding and control provides the opportunity to design proteins with optimized thermodynamic and mechanical properties.
INTRODUCTION
Proteins from organisms adapted to high-temperatures have evolved to retain their native, folded structure and function in the challenging environments in which the organisms grow. 1, 2 These heat-adapted organisms are classified according to the optimal growth temperature, TOPT, of the organism, with thermophiles having a TOPT between ~ 45 and 80 °C and hyperthermophiles a TOPT above ~ 80 °C. 3, 4 The most thermostable proteins are found within these latter organisms, at or near the upper temperature limits of life. 5 Many of these proteins show melting temperatures (TM) in excess of 100 °C , and as high as 200 °C , and retain activity for periods of hours at these temperatures. 6 The discovery of thermophiles and hyperthermophiles has stimulated a wealth of fundamental and applied research into their proteins, particularly their enzymes. [7] [8] [9] [10] This research has included efforts to understand the molecular basis of protein thermostability at high temperatures and the potential applications of these proteins. 7, 9 Like their mesophilic counterparts, proteins from thermophiles and hyperthermophiles are only marginally stable at the physiological temperature of the organisms in which they are found. There is little evidence that there is one single molecular-level adaptation for increasing the stability of proteins from thermophiles and hyperthermophiles compared with those from mesophiles (organisms with moderate optimal growth temperatures, between 20 and 45 °C). 11 The thermal stabilization of a protein can be achieved in a number of ways including: increased numbers of ionic interactions and ionic networks, 3, [12] [13] [14] [15] [16] [17] [18] [19] increased packing density, 20 increased hydrophobicity 3, [21] [22] [23] [24] [25] and a reduction in the length of flexible, loop regions in the protein. 26, 27 However, there are examples of particular strategies being found in structurally related proteins. For example, a study of 373 protein families examined the importance of different non-covalent interactions through comparisons between mesophilic and thermophilic homologues. 21 This study predicted that the optimization of the hydrophobic core is the most significant contribution to the enhanced stability of thermophilic proteins, where the 'average surrounding hydrophobicity' of a protein was defined as the sum of hydrophobic indices obtained from thermodynamic transfer experiments. Using this criteria they found that 80% of the thermophilic proteins studied displayed higher hydrophobicity than their mesophilic equivalents. In another study, a protein structure dataset was constructed from one specific organism, the hyperthermophilic bacterium Thermotoga maritima, and compared with those of close homologs from mesophilic bacteria. 20 The study found that the proteins from Thermotoga maritima had an increased number of salt-bridges and were more compact than the mesophilic proteins. .
Homologous proteins from hyperthermophilic and mesophilic organisms therefore offer important model systems with which to investigate the importance of specific non-covalent interactions on protein stability. [28] [29] [30] We recently took this approach to examine the role of salt bridges in the stability of a homologous pair, the cold shock protein B (TmCSP) from the hyperthermophilic organism Thermotoga maritima, also used in this study, and the cold shock protein (BsCSP) from the mesophilic organism Bacillus subtilis. We determined that TmCSP, which has many more salt bridges than BsCSP, is thermodynamically more stable. Using single molecule force spectroscopy (SMFS) we also showed that TmCSP has increased mechanical softness.
Given the insight gained by this approach, we now use this model system to examine the role of hydrophobicity and loop flexibility on the stability of the hyperthermophilic cold stock protein TmCSP. Improved hydrophobic packing and therefore reduced solvent accessibility of hydrophobic residues will be entropically favorable. This is in part due to the lower degree of ordering of water molecules that occurs when these hydrophobic side chains are removed from the solvent. An additional contribution may come from enthalpically favorable interactions if there is a concomitant increase in the van der Waals contributions to the hydrophobicity. Previous studies have demonstrated that an increase in the number of hydrophobic interactions per amino acid residue can increase the thermostability of a protein 20, 21, 31 and have successfully demonstrated the impact of increased hydrophobic core packing in enhancing protein thermostability. 31 Through their inherent flexibility, loops are also considered to be potential initiation sites for thermal denaturation. 32 A reduction in loop length or loop flexibility may therefore contribute to enhancing protein kinetic stability. 33 In addition to thermodynamic stability, previous SMFS studies have examined the impact of hydrophobic core packing on the mechanical stability of mesophilic proteins including; the I27 domain of titin, 34, 35 TNfn3 from tenascin-C, 36 protein L, 37 and protein GB1. 38 These studies have shown that hydrophobic core packing, modulated by changing the length of amino acid side chains, plays a potentially important role in the mechanical unfolding of some proteins. SMFS is therefore an attractive tool with which to measure the contribution of hydrophobic interactions on the mechanical stability.
We elected to use the cold shock protein TmCSP as a model system. We made two TmCSP mutants in which side chain deletions allowed us to probe the effects of subtle changes in hydrophobic core packing and loop flexibility. Using a combination of SMFS, fluorescence spectroscopy and molecular dynamics (MD) simulations we examine and compare the two TmCSP mutants with benchmarked TmCSP.
28, 30 We obtain information about their thermodynamic and mechanical stability and identify, as well as quantify, the non-covalent interactions in the proteins using MD. Our experiments reveal insight into the importance of hydrophobic interactions in determining protein stability, and highlight the advantages of using proteins from extremophilic organisms as model systems.
MATERIALS AND METHODS

Protein Engineering and Expression
Polyproteins were constructed using a method which makes use of Gibson Assembly cloning 39 and purified using a method described previously, 28 including an additional stage to remove any bound nucleic acid.
29 Three (His)6-tagged chimeric polyprotein constructs, each containing four domains of I27 interdigitated with three domains of a CSP were produced: (i) a polyprotein containing the wild-type CSP from the hyperthermophilic organism Thermotoga maritima (TmCSP), (I27-TmCSP)3-I27 (ii) a polyprotein containing the L40A variant of CSP which we refer to as TmCSP L40A, (I27-TmCSP L40A)3-I27 and (iii) a polyprotein containing the V62A variant of the CSP which we refer to as TmCSP V62A, (I27-TmCSP V62A)3-I27. The (His)6 tag, inter-domain linker sequences, I27 domains and two cysteine residues at the Cterminus are identical in all three polyprotein constructs.
Protein Thermodynamic Stability Chemically and thermally induced unfolding transitions of the cold shock proteins TmCSP, TmCSP L40A and TmCSP V62A were measured using a PTI fluorimeter (Photon Technology International, UK) with a Peltier temperature controller and an LPS-100 lamp. Protein samples (0.1 mg ml -1 in 63 mM sodium phosphate buffer pH 7.4 containing different concentrations of GdnHCl) were equilibrated at 7 °C (thermal unfolding) and 23 °C (chemical denaturation) overnight before measurements were recorded. Fluorescence spectra were measured in a 1 cm pathlength quartz cuvette using an excitation wavelength of 280 nm and emission range of 320-380 nm with a 1 nm step size. Unfolding transitions were followed by a change in the barycentric median (BCM) as described previously. {Tych, 2016 #196} The BCM 'center of mass' of each spectrum between 320 nm and 380 nm was calculated where I( ) is the fluorescence value at a respective wavelength. The BCM value for each spectrum was plotted against temperature (T) or denaturant concentration ([GdnHCl] ) and the unfolding transition followed by an increase in BCM due to a shift to a higher wavelength of the unfolded peak. Chemical equilibrium curves were fitted to a two-state unfolding model as described previously {Tych, 2016 #196}. For the thermal denaturation curves, 0.1 mg ml -1 protein samples were prepared in 63 mM sodium phosphate buffer pH 7.4 at a range of GdnHCl concentrations below the mid-point of protein unfolding. Samples were heated using a 3 °C stepped gradient with four minutes equilibration before each spectrum was recorded, equating to an average temperature (T) increase rate of 0.4 °C/min. Thermal unfolding curves were fitted to an integrated van't Hoff equation (equation 1) where aF and aU represent the signal at the start and end of the run and bF and bU represent the rate of change of signal with temperature ([T]) in the pre-transitional and post-transitional baselines. 41 Q is the quantum yield, R is the ideal gas constant, H is the change in enthalpy and TM is the temperature at which 50% of protein is folded. 
Force Spectroscopy SMFS experiments were completed using an Asylum MFP-3D AFM (Asylum Research, Santa Barbara, CA, USA). Silicon nitride cantilevers (MLCT) were obtained from Bruker (Billerica, MA, USA). Before each experimnets the spring constant of the cantilever was calibrated in buffer, using the equipartition theorem method, 44 and was found to be within the range of 38 (± 3) pN nm -1 . Lyophilized protein (0.1 mg) was reconstituted to a concentration of 0.2 mg ml -1 in sterile sodium phosphate buffer (63 mM, pH 7.4) and incubated on a gold substrate for 10 min. Mechanical unfolding experiments were completed at constant at pulling velocities of 100, 200, 600 and 2000 nm s -1 at room temperature (23 °C) over a distance of 400 nm. At each pulling velocity three different datasets, each using a different calibrated cantilever and sample, were obtained. Each dataset contained more than 34 total unfolding events. For the subsequent data analysis traces were only included which contained one polyprotein chain unfolding, characterized by there being seven or fewer unfolding events. Of these, only traces with a minimum of two I27 unfolding events, without non-specific unbinding events at high force, or other sources of noise were used. Given the interdigitated nature of the polyprotein, the presence of two I27 unfolding events ensured that force would be applied to at least one CSP domain. 28, 30 The force-extension data were subsequently analyzed using in-house software written for Igor Pro.
Kinetics of protein mechanical unfolding
The Zhurkov-Bell model was used to model mechanical unfolding, by assuming that each protein unfolds via a two-state all-or-none process governed by a rate constant, kU, and the distance from the native state to the transition state along the measured reaction co-ordinate, ∆xU.
where ku(F) is the force-dependent rate constant, F is the applied force, A is the attempt frequency, xU is the distance from the folded state to the transition state, kB is Boltzmann's constant and T the temperature. The value of xU is the distance between the folded state and the transition barrier on the unfolding pathway. GU is the height of the activation energy barrier to unfolding and can be related to the unfolding rate at zero force by,
Monte Carlo (MC) simulations were completed to produce unfolding forces at each pulling velocity. These were used to create simulated unfolding force which were then compared to those generated experimentally. A straight line was fitted to the simulated FU-ln(pulling speed) dependence to compare with the experimentally determined line of best fit. The pair of kU and ∆xU values that provided the best global fit to the experimental data over all pulling velocities was obtained. The range of kU and ∆xU values that provided a fit to the data within the experimental uncertainty was used to calculate the standard deviation for each parameter. In the simulations, due to the similarity in slope of the FU-pulling speed dependence for both I27 and the CSP for each of the three different constructs, it was assumed that the ∆xU for the proteins were unchanged. These values were set to ∆xU = 0.70 nm for the CSPs and ∆xU = 0.32 nm for I27 based on a recent study.
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MD Simulations
The behavior of TmCSP, TmCSP L40A and TmCSP V62A was simulated using the CHARMM param36 force field and explicit solvent. Initial structures from which to start simulations of TmCSP used the PDB structure 1G6P (model #1). TmCSP L40A and TmCSP V62A starting structures were created by manual deletion of side chain atoms from residues L40 or V62, respectively, from the 1G6P structure, followed by incorporation of the missing hydrogen atom using CHARMM. 46 A steepest descent minimization (1000 steps) was then performed for each of the three proteins. Proteins were solvated in a water box containing a 1.2 nm surround of water molecules (~4400) and NaCl ions were added at a concentration of ~50 mM using VMD. 47 NAMD 48 was then used to run simulations: a short heating protocol (0-300 K) followed by 0.2 ns of equilibration preceded a 400 ns simulation for each protein at 300 K. For analysis, the coordinates of all atoms were recorded every 1 ps. The simulation of TmCSP is an extension of the explicit solvent simulation previously published by us. Constant velocity protein unfolding simulations that mimic AFM experiments were performed using an implicit solvent model (FACTS) and the united-atom force field CHARMM19. 49 This simplified model was used to ensure that solvent relaxation was not a dominating factor during the kinetically controlled extension of the protein. The constant velocity protein unfolding simulations were run using CHARMM, applying Langevin dynamics at a temperature of 300 K. 46 The friction coefficient was 3 ps-1. The surface tension-like parameter was 0.025 kcal mol-1 ̊-2 (the recommended value for modeling globular proteins with FACTS 49 ). In these simulations an external force is applied between the N-terminal N atom and C-terminal C atom. The attached cantilever is moved away at constant velocity (v = 108 nm s -1 ). To mirror the AFM experiments, the cantilever spring constant, kc, was set to 30 pN nm -1 . For all three proteins, 50 pulling simulations were run, each starting from a different initial structure extracted from a short equilibrium simulation (with no applied load). For analysis, the coordinates of all atoms were recorded every 1 ps.
Wordom was used to analyze the trajectories.
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'DSSPcont' assignments 52 were used to calculate secondary structure content on a per residue basis. VMD was used to locate and quantify hydrogen bonds between the different parts of the protein, using the criteria: N-O distance < 4 ̊, and N-H-O angle >150°. Salt bridges were also located and quantified using VMD, 47 using the criterion of whether the distance between the center-of-mass of side chain N or O atoms was <0.7 nm apart, allowing for salt bridges to be separated by a gap the size of one water molecule. 53 The program 'NACCESS' was used to ascertain which residues make up the hydrophobic core of the protein. 54, 55 The solvent accessibility (probe size 0.14 nm) of side-chain atoms within each residue from 4000 snapshots in each simulation was calculated and averaged. Using the default setting, C atoms were included as part of the side chain, but glycine residues were excluded from analysis. The contact order and relative contact order were calculated using a script kindly provided by Dmitry Ivankov. 56 Contacts made by core residue sidechains were analyzed by outputting the distance between the side-chain of each core residue with the side-chain of all other residues in the sequence. Side chain positions were described using the center-of-mass of all side chain atoms plus the C atom. A cut-off value of 0.55 nm gave a good range of values for fraction of time in contact across the peptide serving to highlight important residues.
RESULTS
Design of TmCSP variants to probe the effect of hydrophobic core packing and loop flexibility on the thermodynamic and mechanical stability of TmCSP. The TmCSP protein ( Fig. 1(a) ) is composed of five -strands organised in an anti-parallel manner, forming two -sheets connected by a loop region. The amino acid sequence of of TmCSP is shown in Fig. 1(b) . We elected to make conservative mutations such that; the mutation would be unlikely to change the protein structure, would conserve the chemical nature of the residue and not introduce any new interactions. This involved the reduction in the size of aliphatic groups from residues which contained buried hydrophobic side chains. For this type of mutation, any change in energy of the transition state is related to the degree of native structure formation close to the mutated residue. We chose two positions at which to make conservative side chain deletions ( Fig. 1(a, b) ). At both positions the two residue side-chains are buried in the PDB structures of TmCSP (see Supplementary text) but were hypothesized (based on our previous studies 30 ) to be disrupted at different points in the mechanical unfolding pathway. Both mutations are located in different regions of TmCSP and were selected in order to determine their impact on the thermodynamic and mechanical unfolding of TmCSP. In the protein variant TmCSP L40A, the leucine at position 40, (located in a loop), is mutated to an alanine. This results in a reduction in the sidechain length, replacing -CH(CH3)2 with -H. In the second variant TmCSP V62A the valine at position 62 (located in the fifth -strand) is mutated to an alanine ( Fig. 1(a, b) ). This results in a less dramatic reduction in side-chain length, replacing two -CH3 groups with two hydrogens. Molecular dynamics simulations measure hydrophobic core packing and loop flexibility. Native state equilibrium simulations show that all three proteins remain stable during the lifetime of the simulations. The -strand structure remains largely unaffected upon mutation while V62A shows loss in the small helix that follows -strand 3 in TmCSP (Fig. S1 and S2 and Table S1 ). The residues that make up the hydrophobic core of the protein were monitored throughout the simulation by analyzing the solvent exposure of the side-chain atoms. The results of this analysis are shown in Fig. 2(a) . For clarity, the residues are separated into three groups: the 'hard-core' of the protein, those residues with very limited solvent accessibility (<1%); the 'soft-core', those residues with a 1-10% accessible side-chain; and more exposed residues, those having a >10% accessible side-chain. The number of hard and soft-core residues for each protein is: TmCSP -8 hard-core, 3 soft-core, TmCSP L40A -6 hard-core, 4 soft-core and TmCSP V62A -5 hard-core, 5 soft-core. The change in the number of hardand soft-core residues in each mutant relative to the wild-type protein resulted directly from the mutation performed (see Supporting Information for full details). Overall, the simulations indicate that reducing the size of the hydrophobic residue (V62A or L40A) destabilizes its position within the core making it more accessible to solvent during the simulations compared to the wild-type protein. An analysis was made of numbers of hydrogen bonds (HBs) between the different regions of the protein (i.e. the 5 -strands and the long loop that incorporates the small helix, see Fig. 2b ). For the three proteins, the numbers of HBs between -strands were largely the same within error. However, L40A showed noticeably fewer HBs on average between -strands 1-2 than in TmCSP. TmCSP also showed more HBs on average (3 HBs) between the long loop and 5 than in either of the two mutants (2 HBs). The pattern of salt bridges within the proteins was very similar, albeit the partially occupied salt bridge E33-K63 in TmCSP, also between the long loop and 5, was disrupted in both mutants (Fig. S3) .
Using the radius of gyration (Rgyr) as a measure of protein packing (Table S1 ), the simulations indicate that while TmCSP and TmCSP L40A have similar values, TmCSP V62A is less tightly packed. Looking at contact order values (Table S1 ), TmCSP and TmCSP L40A again have similar values, while TmCSP V62A shows a reduction in contact order. To compare flexibility within the proteins we measured the root mean square fluctuations (RMSF) of C atoms from each residue in the three cold-shock proteins (Fig. 2c) . 5 ) and the solvent accessibility of each residue with a probability of <1% (yellow) 1-10% (orange), and >10% (red) averaged over the simulations. Note, -strand 3 is repeated to show the connectivity in the protein (b) The mean number of hydrogen bonds ± the standard deviation (SD, shown as error bars) during the simulation between selected regions in TmCSP (red), TmCSP V62A (light turquoise) and TmCSP L40A (dark turquoise). (c) Comparison of the root mean square fluctuations (RMSF) of C atoms from each residue in simulations of TmCSP and the two hydrophobic core mutants (L40A and V62A). Positions of the -strands are indicated.
We determined the contacts made by residues 40 and 62 with other residues during the simulations of all three proteins (Fig.  S4 and S5) . In TmCSP, the side chain of residue L40, which is in the long loop, acts to link together the edge of the long loop with strand 1. This pattern is also seen in the mutant TmCSP V62A. In the TmCSP L40A mutant, however, the contacts made by A40 are reduced leaving only the (sequence-wise) neighboring residue T39 as a significant contact. In TmCSP, the side chain of residue V62, which is on -strand 5, provides links to strand 4 and the loop, and also weakly to strand 3. In the TmCSP L40A mutant, these contacts remain largely unchanged. Surprisingly, in the TmCSP V62A mutant the much smaller alanine side chain is still able to maintain a very similar range of contacts. This feature suggests that the structure adapts to maintain contacts with residues across the sequence despite the loss in atoms. On visual inspection of the simulation trajectory, and in accord with the helicity results, the contacts (particularly between A62 and I32) are maintained by loss in the helicity of residues 29-31.
Thermodynamic stability curves of TmCSP, TmCSP L40A and TmCSP V62A. To determine the impact of side-chain reduction on the thermodynamic stability of TmCSP we completed thermal unfolding titrations in the presence of 0-3 M guanidine hydrochloride. We obtained the temperature dependence of the thermodynamic stability (∆GD-N) for TmCSP (red), TmCSP L40A (dark turquoise) and TmCSP V62A (light turquoise) (Fig. 3) . Inspection of the results shows that the side-chain reduction in the variants TmCSP L40A and TmCSP V62A both result in a lower melting temperature, TM, and a lower overall thermodynamic stability ( GD-N) over all temperatures. The TM, decreased from 81.9 °C for TmCSP to 60.9 °C for TmCSP V62A and to 53.8 °C for TmCSP L40A ( Figure  3, circles) . While both of the CSP variants are maximally stable just below room temperature, similar to the hyperthermophilic TmCSP, their maximal stabilities are considerably smaller than that of TmCSP. At 23 °C, the changes in GD-N on mutation are 16 and 11 kJ mol -1 for TmCSP L40A and TmCSP V62A, respectively (Table S2 ). ) . The errors in ∆GD-N were calculated using the experimental errors in the enthalpy, difference in specific heat capacity and melting temperature for each protein. The dashed vertical lines highlight the melting temperature, Tm, of each protein The measured enthalpy, H, of the proteins decreased from 270.62 ± 3.7 kJ mol -1 in TmCSP to 196.7 ± 4.0 kJ mol -1 in TmCSP V62A and even lower to 168.3 ± 5.8 kJ mol -1 for TmCSP L40A. This reduction in H is likely to be a measure of the impact of side-chain reduction on the native-state interactions. While TmCSP has a section of the loop region with reduced solvent accessibility that is part buried within the hydrophobic core, this contribution to the hydrophobic interaction is no longer present in the variant TmCSP L40A. This is consistent with the hydrogen bonding patterns and positional fluctuations observed in the simulations (Fig 2) . In addition, the contribution to the hydrophobic interaction is also reduced for V62A (i.e. residue 62 is shifted from being in the 'hard core' 0-1% solvent accessibility to being in the 'soft core' 1-10% solvent accessibility, Fig. 2a) . The reduction of hydrophobic interactions in the native state of TmCSP L40A and TmCSP V62A is concomitant with a significant reduction in the thermodynamic stability (Fig. 3) . This points to a relation between hydrophobic interactions and thermodynamic stability in this hyperthermophilic protein, in agreement with previous studies. The measured change in heat capacity at constant pressure, Cp, is similar for all three proteins: 3.86 ± 0.10 kJ mol -1 K -1 in TmCSP, 3.89 ± 0.17 kJ mol -1 K -1 in TmCSP V62A, and 3.81 ± 0.26 kJ mol -1 K -1 in TmCSP L40A (Fig. S6) . These experiments all three proteins are stable and folded at room temperature. Next we measured their mechanical properties by SMFS. 50 TmCSP L40A unfolding events (dark turquoise squares) and 54 I27 unfolding events (yellow circles), and 39 TmCSP V62A unfolding events (light turquoise squares) and 51 I27 unfolding events (yellow circles). (d) The measured unfolding forces are displayed as histograms at pulling speeds of 100, 200, 600 and 2000 nm s -1 for the ((I27-TmCSP V62A)3-I27) polyprotein (left) and ((I27-TmCSP L40A)3-I27) polyprotein (right). At each pulling velocity three different histograms are shown, obtained from the triplicate experiments. The histograms of unfolding forces for I27 and the TmCSP variants are distinct, with I27 always displaying greater unfolding forces than the TmCSP variants. Gaussian fits to histograms for each data set are used to obtain a measure of the unfolding forces.
temperature (T). ∆GD-N (T) was calculated as described (Materials and Methods
Effect of side-chain reduction on the mechanical stability of TmCSP. We used SMFS experiments to unfold the chimeric polyproteins (I27-TmCSP L40A)3-I27 and (I27-TmCSP V62A)3-I27 to measure their mechanical unfolding forces (Fig. 4(a) ). Stretching the chimeric polyproteins resulted in force-extension (FX) data, allowing measurement of the mechanical unfolding forces needed to unfold each protein. Example FX traces for (I27-TmCSP L40A)3-I27 and (I27-TmCSP V62A)3-I27 are shown in Fig. 4(b) , where each individual unfolding peak corresponds to the mechanical unfolding of individual CSP variants or I27 domains. The previously studied I27 protein acts as an internal mechanical marker in identifying the single domains being unfolded in FX traces. 57 The FX data contain two distinct sets of peaks, which differ in both their unfolding forces (FU) and the distances between them (xp2p) (Fig. 4(b) and (c) ). For the variant TmCSP L40A the force-distance scattergram (Fig. 4(c) ) shows two distributions centered around distances of 18.6 nm and 23.5 nm and forces around 80.0 pN and 201.9 pN. For the variant TmCSP V62A the distance-frequency histogram (Fig. 4(d) , an unfolding peak with a LC ~ 28.0 nm and a FU of ~ 195 pN (±3 pN, standard deviation between the median values of the triplicate datasets) is the mechanical fingerprint for the I27 proteins in the chimeric polyprotein. In the FX data, initial unfolding peaks are observed with LC and FU values of ~23.5 nm and 83 pN (±3 pN) for TmCSP L40A and ~23.5 nm and 73 pN (±4 pN) for TmCSP V62A, respectively. These correspond to the unfolding of the smaller (and weaker) TmCSP L40A and TmCSP V62A. While the LC is the same as that measured for TmCSP, the FU is 6% lower for TmCSP L40A and 17% lower TmCSP V62A. This reduction in the average unfolding force (Fig. 4(d) ), despite a similar LC, suggests that the reduction in side-chain length has an impact on the mechanical stability. Inspection of the unfolding force distributions for TmCSP L40A and TmCSP V62A (Fig. 4(d) ) and comparing with those of TmCSP 28 show that while FU decreases for the variants, the width of the distributions is relatively unchanged. The width of the FU distributions is related to the distance to the unfolding transition state ∆xU,in the Zhurkov-Bell model. 45 This suggests that the position of the mechanical unfolding transitions state for the variants is not shifted along the unfolding reaction coordinate with respect to TmCSP.
In addition to SMFS experiments, we completed simulations of constant velocity protein unfolding using MD. A total of 50 simulations were performed for each protein: TmCSP, TmCSP L40A and TmCSP V62A. In the force extension trajectories the initial rupture force was measured at the first peak in the pathway that was accompanied by a sudden increase in length of the protein and a loss in the number of hydrogen bonds between a pair of -strands (Fig. S8) . The mean forces measured, including standard deviation (SD), were 103 ± 23 pN for TmCSP, 99 ± 21 pN for TmCSP L40A and 91 ± 19 pN for TmCSP V62A which is 3.9% and 11.7% lower than for TmCsp, respectively. The end-to-end distances at the peak position were the same for the three proteins: 1.54 ± 0.14 nm (TmCSP), 1.53 ± 0.13 nm (TmCSP L40A) and 1.55 ± 0.18 nm (TmCSP V62A). The MD simulations therefore show the same mechanical hierarchy as that measured in the experiments, with the TmCSP displaying the highest rupture force, followed by TmCSP L40A and then TmCSP V62A. The simulations also show that the localized region of the protein that resists unfolding (the mechanical clamp) in the two variants is in the same position as that in TmCSP 11b Figure 5 . Impact of hydrophobic side-chain reduction on the free energy landscape of TmCSP. The mechanical unfolding force is shown for the cold shock proteins for the two TmCSP variants, (I27-TmCSP L40A)3-I27) (dark turquoise squares) and ((I27-TmCSP V62A)3-I27) (light turquoise squares) as a function of the logarithm of the pulling velocity and compared with TmCSP in the chimeric polyprotein (I27-TmCSP)3-I27) (red squares). For each pulling speed, the data points show the median value of the unfolding force for the CSPs from three different experiments. The error bars for each data point show the standard deviation between the three different experiments at each pulling velocity. The line of best fit to the data (solid line) and the Monte Carlo fits to the experimental data (dashed line) are also shown.
Pulling speed dependence of unfolding force for TmCSP L40A and TmCSP V62A. To uncover details about the unfolding energy landscape of the two CSP variants we completed experiments at pulling speeds of 100, 200, 600 and 2000 nm s -1 to obtain the pulling speed dependence of FU (Table S3  and S4 ). We measured the FU for each unfolding peak in the FX data, and made separate histograms for each triplicate ex-periment at each pulling velocity (Figure 4(d) ). The histograms were fitted with Gaussian distributions and the median values of FU for I27 and both TmCSP L40A and TmCSP V62A from each of the three replicate experiments were found. The natural logarithm of the pulling speed against the mean FU (calculated from the medians of the triplicate experiments) for the two populations observed in the FU histograms was plotted, allowing examination of the pulling speed dependence of FU for each protein. Fig. 5 shows FU for TmCSP, TmCSP L40A and TmCSP V62A, and Fig. S9 shows FU for I27 from data on unfolding (I27-TmCSP)3-I27, (I27-TmCSP L40A)3-I27 and (I27-TmCSP V62A)3-I27. These data were compared with those obtained previously for TmCSP under the same experimental conditions. 28 The values of FU for I27 are in good agreement with previous studies of this I27 variant with similar domain numbers and scaffold design. 28, 30, 37, 50 It is clear from Fig. 5 that the pulling speed dependence of the two variants displays a clear shift with respect to that of TmCSP. At all pulling speeds, the side-chain reduction in each variant results in a decrease in the mechanical stability of the TmCSP, with the variant TmCSP V62A displaying a greater reduction in FU at all pulling speeds. While the FU is reduced for each variant, we measure a similar slope as compared with TmCSP. These experimental results suggest that the reduced mechanical stability of TmCSP L40A and TmCSP V62A is due to a decrease of the activation energy barrier height (∆G * ), while the distance to the unfolding transition state (∆xU) appears unchanged. 11b ‡∆GD-N was obtained from chemical denaturation experiments at 23°C (see Fig. S7 and Table S2 ).
Monte Carlo
From the information in Fig. 5 we can access the unfolding rate, kU and the distance from the native state to the unfolding transition state, xU using a Monte Carlo simulation procedure described previously. 57 Given that the slope of the pulling speed dependence is similar for all three proteins (Fig. 5) we assume the distance to the unfolding transition state (∆xU) is unchanged. This allows us to extract information about kU and calculate mechanical u-values, as described below. ∆xU for TmCSP was recently determined to be 0.70 nm, 11b therefore ∆xU was fixed to this value for all three proteins. The values of xU and kU are shown in Table 1 . In the analysis of the best fit parameters, the slopes of the lines of best fit to the experimental data were also assumed to be fixed (6.3 ± 0.7 pN for Csp). 38 These results show that the two variants TmCSP L40A and TmCSP V62A have a higher kU than TmCSP. Constant velocity protein unfolding simulations using MD show the same mechanical hierarchy as that measured in the experiments, with the TmCSP displaying the highest rupture force, followed by TmCSP L40A and then TmCSP V62A. The simulations show that the mechanical clamp in the two variants is in the same position as that in TmCSP. In all three cases rupture of strand pairs 1-4 or 4-5 or the near simultaneous rupture of both pairs occurs in synchrony with the initial peak in force and subsequent extension of the protein.
Calculation of mechanical values. Using a method applied previously, 38 we calculated the mechanical value for the two variants 58, 59 to probe their role in the unfolding transition state of TmCSP. The mechanical value for unfolding ( u) is defined as the ratio of the loss of stability of the transition state and native state on mutation, using the native state as a reference. The u value is given by the ratio of the change in the height of the mechanical activation energy barrier ∆ GU* to the change in the thermodynamic stability of the protein ∆ GD-N, u = ∆ GU*/∆ GD-N. 38 The value of ∆ GU* (Table  1) is measured from the mechanical unfolding kinetics, where ∆ GU* = -RTln(kU(TmCSP)/kU(mutant)). The value of ∆ GD-N (Table 1) is measured from the difference in the thermodynamic stability at room temperature (Fig. 3) . This method provides a measure of structure disruption in the transition state on a scale from 0 to 1, where 0 indicates that the mutated site remains fully structured and 1 indicates the site is completely disrupted, relative to the native state. Using the measured mechanical unfolding rates kU (Table 1 ) and the thermodynamic stability GD-N (Fig. 3) we calculated the mechanical u values for the two TmCSP variants. For TmCSP L40A where a mutation has been made to a residue in the loop region of the protein, the u value is close to zero (0.08). This suggests that there is little disruption of the native interactions of L40 in the transition state. For TmCSP V62A, where a mutation was made in the fifth -strand, a larger mechanical u value of 0.39 was measured. An intermediate u value such as this can indicate either that the residue forms a fraction of its native contacts in the transition state, or that there are alternative transition states in which the native contacts are either formed or unformed. The latter of these two scenarios is very much in accord with our simulation results. 
CONCLUSIONS
The TmCSP protein forms a -barrel structure comprising five -strands and a loop region (Fig. 6) . To determine the impact of side-chain reduction of buried hydrophobic residues on the thermodynamic stability of TmCSP we completed thermal unfolding titrations in the presence of a chemical denaturant. The results showed that the side-chain reduction in the variants TmCSP L40A and TmCSP V62A both result in a lower melting temperature, TM, and a lower overall thermodynamic stability ( GD-N) over all temperatures (Fig. 6 ). While both of the CSP variants are maximally stable just below room temperature, like the hyperthermophilic TmCSP, their maximal stabilities are considerably smaller than that of TmCSP. At 23 °C, the changes in GD-N on mutation are 16 and 11 kJ mol -1 for TmCSP L40A and TmCSP V62A, respectively (Table 1) The loss of a greater number of atoms in the L to A mutants causes, on average, a larger destabilization of the protein to denaturation. Our measured values agree well with these values from the database, although it is noteworthy that the L40A change is at the high end of the range. (We also estimated the stability change on mutation for the specific changes to TmCSP using I-Mutant 61 which resulted in similar values of 10.3 and 8.4 kJ mol -1 for TmCSP L40A and TmCSP V62A, respectively.)
The force-bearing -strands, 1-4 and 4-5, are antiparallel and constitute a shear topology. Interestingly, this is a typical feature of mechanically stable proteins. 62 These forcebearing strands are connected by hydrogen bonds; our simulations show approximately six hydrogen bonds on average between -strands 1-4 and seven between -strands 4-5 (Fig.   2b) , and they may represent the 'mechanical clamp' of the TmCSP protein. This structural element provides mechanical stability and is the rate-limiting step for the unfolding of the protein. While the mechanical clamp motif of the protein is important for mechanical stability, other non-covalent interactions play a role in conferring stability. For example, previous studies have shown that protein mechanical stability depends on the interactions which occur between the surfaces which are sheared apart upon forced unfolding. 37, 38 Here, we have shown that by reducing the hydrophobic core and increasing the loop flexibility in TmCSP we can significantly modulate protein stability without changing the mechanical unfolding pathway (Fig. 6) . We show that reduced loop flexibility confers thermodynamic stability in TmCSP and may play a role in minimizing potential initiation sites for thermal denaturation. 32 We show that the hydrophobic core of TmCSP is important for conferring mechanical stability, particularly when it involves residues central to the mechanical clamp region (Fig. 6) . The mutant TmCSP V62A involves a reduction in the side chain of a residue in -strand 5, which is part of the structural motif of the mechanical clamp of the TmCSP protein. Our SMFS results show that a reduction in the hydrophobic core packing upon mutation (Fig. 2 ) results in a decrease in the mechanical stability of the TmCSP V62A (Fig. 5) , providing evidence that interactions mediated by this hydrophobic residue at the interface of two shearing motifs ( -strands 4-5) plays an important role in determining the mechanical stability of TmCSP. Single molecule force spectroscopy measures the mechanical stability (∆G*) and shows a greater reduction for TmCSP V62A (∆∆G* = 9.2%) than TmCSP L40A (∆∆G* = 2.6%). We use mechanical u value analysis to reveal details of the mechanical unfolding pathway of the protein, revealing the important role of regions in the vicinity of the mechanical clamp motif.
The ability to make conservative mutants which do not alter the structure of the protein or the mechanical unfolding pathway provides a unique platform with which to quantitatively measure the impact of specific interactions on protein mechanical and thermodynamic stability. Such insight provides opportunities to rationally design proteins with specific and optimized stabilities for exploitation in bionanotechnology applications. 
